Tryptophols have been obtained in high yields by the reduction of 3-substituted-dioxindoles (obtained by the aldol condensation reaction of ketones with isatins or by a modified Knovenagel malonate condensation) using a borane tetrahydrofuran complex. The reported methodology offers distinct advantages over existing methods for the synthesis of these compounds, including consistently greater yields, diastereoselective syntheses and the possibility for the synthesis of a wide range of structurally different tryptophols. The reduction reaction was found to proceed via an intermediate 1,3-diol-oxindole, which was obtained diastereoselectively and, which was subsequently reduced to the corresponding tryptophol. q Equation 2. (a) 2 mol equiv. of BH 3 ·THF. Equation 3. (a) 3 equiv. of BH 3 ·THF (,1:2.5 mixture of 5m/3m).
Introduction
The indole nucleus is widespread in both natural and unnatural products. The interest in this skeletal structure is reflected by the numerous methodologies that have been devised and continue to be explored for its synthesis. 1 Tryptophols are a class of indoles bearing a C-3 hydroxyethyl side chain that may or may not be aand or b-substituted. Tryptophol and a number of its derivatives have been isolated from a variety of natural sources. 2 In addition, some tryptophol derivatives are known to posses biological activity. Esters of 5-methoxytryptophol posses anticholinergic activity, whereas 5-methoxytryptophol and other tryptophols have little or no activity. 3 The production of tryptophol, by tryptophan metabolism, has been implicated as one of the pathophysiological mechanisms that provoke sleeping sickness upon infection by trypanosomes. 4 Of pharmaceutical importance is 7-ethyltryptophol as this compound is used for the synthesis of Etodolac, an important non-steroidal anti-inflammatory drug (NSAID). 5 Whilst 2-phenyl-2-(3-indolyl)-1-ethanol has been used to prepare Pemedolac, a compound that has been found to be one of the most potent analgesics known and that displays anti-inflammatory activity similar to that of Etodolac. 6 A number of methods have become established for the synthesis of tryptophols though generally these methods present a number of limitations in that they lack generality, or yields are variable, or that they require the synthesis of highly reactive intermediates. One of the earliest reports describes the obtention of tryptophol by the yeast fermentation of tryptophan. 2a A number of years later, Jackson 7 prepared tryptophol by the reduction of indole acetic acid esters using sodium in ethanol. Since this earlier work, there has been a steady evolution of methodology. The introduction of LiAlH 4 resulted in its use in the reduction of ethyl indole oxoacetic acid derivatives 8 as well as indole acetic acid derivatives. 9 The less powerful reducing agent NaBH 4 , has also been successfully employed. 6 The diastereoselective synthesis of 3-(2-hydroxycyclohexyl)indole using NaBH 4 or Zn(BH 4 ) 2 by reduction of the corresponding ketone was reported by Freter 10 and by Audia. 11 Other methods for the synthesis of tryptophols include: the Fischer indole methodology; 1b,d,5,8a,12 the ring opening of epoxides by indolyl Grignard reagents, 13 or by a 3-lithioindole; 14 the reaction of indoles with diols in an autoclave; 15 or by reaction with epoxides under pressure. 16 This latter method has been further developed where the use of lanthanide cations was found to be beneficial. 17 Lithiation of orthoalkylphenylisocyanides and subsequent treatment with epoxides gave moderate yields of the respective tryptophols. 18 N,N-Diallyl-ortho-iodo-or bromo-anilines undergo metal halogen exchange on reaction with t-BuLi at 2788C, which upon warming cyclize to the respective lithiomethylindoline which can react with an electrophile to yield 3-substituted indolines, subsequent oxidation of which yields the respective 3-substituted indole. 19 ortho-Iodoanilines have also found use in a synthetic sequence involving a Heck reaction with an acrylate ester, followed by reduction to the cinnamyl alcohol and subsequent rhodium catalysed hydroformylation yielding tryptophol. 20 An alternative method to the reduction of indolyl derivatives is based upon the reduction of isatin derivatives. Isatin, indol-2,3-dione, is an oxidised form of indole that may be regarded as a masked indole or an umpoled indole equivalent. Isatin and indole have complementary C-3 reactivity. Indole readily reacts with electrophiles whereas isatin readily undergoes a range of C -C bond forming reactions by nucleophilic attack at C-3. 21 This complementary C-3 reactivity offers a versatile synthetic strategy for the synthesis of indolic compounds. Tacconi 22 described a two stage reduction of an isatylidene derivative using NaBH 4 followed by sodium in propanol to obtain a-methyltryptophol in low overall yield. Whilst David and Doucet 23 as well as Bergman 24 have shown that the aldol products, obtained by the condensation of a methylketone with an isatin, can be reduced using LiAlH 4 to give the corresponding a-substituted tryptophol in 40 -50% yield. The use of isatin derivatives for the preparation of 3-hydroxy-2-oxindole acetic acid esters and the subsequent reduction of these compounds using LiAlH 4 has been shown to be a general route for the obtention of tryptophols in good to excellent yields (65 -95%). 6,8a,25 In ongoing investigations from our laboratory, the reduction of isatin derivatives using borane in THF has proved to be a versatile method for the synthesis of indole derivatives. This relatively unknown method was successfully applied to the reduction of N-acylisatin derivatives in excellent yields to give N-alkylindoles 26 and, more recently, to the reduction of 3,3-difluoro-2-oxindole derivatives, where either 3-fluoroindoles or 3,3-difluoroindolines were obtained depending upon electronic effects of substituents on the aromatic ring. 27 Previous studies on the BH 3 ·THF reduction of isatins and or their derivatives include those of Sirowej, 28 Wierenga and co-workers, 29 as well as applications to the synthesis of some natural products. 13c,30 On the other hand, refluxing mixtures of BH 3 ·THF and 2-oxindolylacetic acid derivatives in THF yielded the respective indoline ethanols in 43-79%. 31 The ketone carbonyl of isatin derivatives is susceptible to nucleophilic attack and aldol type condensations are readily performed under a variety of conditions. 21 It was therefore reasoned that these aldol products should readily undergo reduction with borane in THF to yield tryptophols. The synthetic potential of these compounds may as of yet be unrealised. There are few reports, with the exception of the previously indicated studies on the synthesis of tetrahydropyranoindoles (Etodolac) and some recent examples of asymmetric syntheses, 32 that investigate this reactivity. Tryptophols can be converted to tryptamines either by a Mitsunubo reaction, 11 without inversion of configuration of the chiral center, or by Swern oxidation (yielding tryptophones) and subsequent NaCNBH 3 reduction in the presence of an amine. 13d,33
Results and discussion
Our investigation began with the preparation of 2a by the reaction of isatin (1a) in acetone in the presence of a catalytic quantity of diethylamine. 34 A solution of freshly prepared borane (1 M) in THF 35 (5 equiv.) was then added to a THF solution of 2a under a nitrogen atmosphere and externally cooled with an ice water bath (Equation 1). Initial reaction, during the addition of borane, resulted in the rapid evolution of hydrogen gas. The reaction was subsequently accompanied by TLC, which readily revealed the formation of a product and the consumption of the starting material over the period of a couple of hours. Isolation of the crude product was achieved by acidic decomposition of the excess borane, followed by neutralisation, extraction, drying of the organic phase and removal of the solvent under reduced pressure. The crude product was obtained as a slightly yellow oil that was subsequently filtered through a short column of silica, using CH 2 Cl 2 as solvent, to remove baseline (TLC) immobile impurities. Evaporation of the solvent yielded a colourless oil that crystallised on storage. GC -MS and 1 H NMR analysis of this product revealed it to be a mixture of the tryptophol 3a contaminated with a small quantity of the respective indoline 4a (less than 5%), Equation
Subsequent experiments economised the quantity of borane resulting in the finding that the reaction proceeded equally effectively using only 3 equiv. of borane. GC -MS and 1 H NMR analysis of the crude product obtained using 3 equiv. of borane revealed the absence of the indoline 4a. The crude product was purified as described above and the colourless oil crystallised upon storage. The reported literature melting points for 3a are diverse and therefore 3a was characterized analytically and spectroscopically. In experiments using less than 3 equiv. of borane it was found that an incomplete reaction occurred, vide infra. It was also found that maintaining the reaction at temperatures below zero (<2158C) inhibited the reaction, but the reaction recommenced on warming. Temperatures above those of room temperature were not investigated as it was known that 2-oxindole acetic acid derivatives can be reduced to indoline ethanols when refluxed with borane in THF. 31 Indolines have also been obtained by the reaction of the BH 3 ·NMe 3 complex with indoles under acidic conditions via the 3-H-indolium ion. 36 A closer investigation of the effect of reducing the reaction temperature revealed the formation of an intermediate during the reduction of 2a. This intermediate was consumed when the reaction was allowed to warm to room temperature. The intermediate (5a), Equation 2, was subsequently isolated in 21% yield, along with 72% of the tryptophol 3a, when the reaction was run using a deficiency of BH 3 ·THF (2 mol equiv.).
In an independent experiment, the reduction of 5a using an excess of BH 3 ·THF yielded 3a quantitatively. Spectroscopic investigation of 5a by 1 H and 13 C NMR revealed it to be structurally related to the starting dioxindole 2a. The following differences were observed: the 1 H methyl signal was now a doublet; the methylene hydrogens were now doublets of doublets; a new multiplet corresponding to one hydrogen at 3.97 ppm (CH methine) and a doublet at 4.44 ppm (OH). The 13 C NMR revealed the absence of the keto-carbonyl and a new methine signal at 62 ppm. The adjacent methyl and methylene signals were shifted upfield by 7 and 5 ppm (d 23.2 and d 44.5) with respect to the substrate 2a, whereas the other 13 C signals were largely unaffected. The most notable changes in the infra-red spectrum of the product (5a) in comparison with the substrate (2a), were the disappearance of the keto-carbonyl stretching vibration (1721 cm 21 ) and a broadening of the absorption in the region 3400 cm 21 . The spectroscopic data are entirely consistent with the reduction of the exocyclic keto-carbonyl group and no reduction of the dioxindole nucleus. Further, the 1 H and 13 C NMR data indicated that the product had a greater than 95% diastereomeric excess.
The successful synthesis of the tryptophol 3a prompted the investigation of the reduction of various isatin aldol condensation products (2b -t, Table 1 ). These substrates were prepared analogously to 2a or by using a modified methodology. Subsequent treatment with borane resulted in smooth reduction to give excellent yields of the respective tryptophol in all experiments; the results are summarised in Table 2 . In a number of cases, it was found that 3 equiv. of BH 3 ·THF were insufficient for the complete reduction of the substrate to the respective tryptophol. For example, the reduction of the cyclohexanone derivative (2j) 37 required 4 equiv. of borane in THF. The reduction occurred stereoselectively yielding principally the trans isomer (8:1). Preferential formation of the trans isomer is consistent with previously observed results of the reduction of a-substituted cyclohexanones using BH 3 ·THF. 11, 38 The isomers were readily separated by column chromatography and individually characterized. The trans configuration of the major isomer was confirmed by comparison with data from the literature. 13d
The reduction of 2m also required 4 equiv. of BH 3 ·THF in order to completely consume the substrate and to give the respective tryptophol 3m in 80% yield. When the same reaction was conducted using only 3 equiv. of BH 3 ·THF, the tryptophol 3m was obtained in 63% yield along with a 25% yield of 5m (Equation 3). Compound 5m was unambiguously characterized as the intermediate diol by spectroscopic and elemental analyses. As in the case of 5a, 5m was also obtained as essentially a single diastereoisomer.
Having observed and characterised the formation of intermediate single diastereoisomer diols (5a and 5m), it was of interest to investigate the origin of this diastereoselectivity. At first the possibility of a directed reduction of the keto-carbonyl group was considered. 39, 40 The alternative hypothesis being that reduction of the exocyclic ketocarbonyl group was not diastereoselective, thus generating an approximately one to one mixture of syn/anti diol diastereoisomers (5) which were subsequently reduced at different rates (kinetic resolution) to give the tryptophol 3a or 3m and, in essence, the single diastereomer 5a or 5m as a consequence of the deficiency of reducing agent. In order to investigate these hypotheses, the reduction of 2a was performed using 1 mol equiv. of BH 3 ·THF. Spectroscopic analysis of the crude product by 1 H and 13 C NMR revealed the product to be a mixture of starting material (2a) and diastereomeric diols (5a), though it was not possible to determine a diastereomeric excess with any certainty. Further experiments to investigate the diastereoselective reduction of 2a using triacetoxyborohydride salts in THF were unsuccessful, no reaction occurred. 41 Attempts to produce a mixture of the syn/anti 5a using sodium borohydride (in protic or aprotic solvents) were unsuccessful and resulted in complex mixtures of products. 42 As the reduction of 2a using only 1 equiv. of BH 3 ·THF was found to give a mixture of the diols 5a, but determination of the diastereomeric excess of 5a had proven to be difficult, and in order to further investigate the possibility of a diastereoselective reduction, the N-methyl derivative 2b was reduced with 1 equiv. of BH 3 ·THF. After workup of the reaction in the manner described previously, or utilising an aqueous ammonium chloride workup, spectroscopic investigation of the crude reaction product revealed it to be a 2:1 mixture of the diastereomeric diols (5b) with no other product present (93% yield). This mixture was readily reduced to the tryptophol 3b in 94% yield upon treatment with 3 equiv. of borane, Equation 4 .
In a similar manner, the reduction of 2m was conducted using 1 mol equiv. of BH 3 ·THF. This experiment furnished a 3:1 mixture of the diastereomeric diols (5m) in 97% yield. Comparison of the spectral data for the single diastereoisomer, obtained when 3 mol of BH 3 ·THF were used (Equation 3), with that of the mixture of the two diastereoisomers, revealed it to have the same structure as the major diastereoisomer. Therefore, the origin of the single diol diastereoisomer in the preceding experiments, where a deficiency of borane was utilised during the synthesis of the respective tryptophols, lies in a mildly diastereoselective reduction of the keto-carbonyl group and not in a kinetic resolution of the diols (although differences in the rates of reduction of the diols may have a minimal role).
Compound 2n was first prepared by condensation of 3-hydroxy-2-butanone with isatin in methanol at room temperature in the presence of a catalytic quantity of diethylamine yielding a 1:1 mixture of the diastereoisomers 2o and 2p. On workup it was found that one of the diastereomers (2o, the isomer with the higher melting point) was reasonably insoluble in ethyl acetate, thus separation of the diastereoisomers could be achieved by fractional crystallisation. Subsequently, the synthesis of 2n was performed in ethyl acetate under otherwise equivalent conditions, but in this case the ethyl acetate insoluble isomer 2o precipitated during the reaction. The isomer 2p was obtained as a crystalline solid by the slow evaporation of the ethyl acetate solution enriched with the soluble isomer. The reduction of compounds 2n -p was realized using 4 equiv. of BH 3 ·THF and in each case it was found that the reactions yielded the same mixture (4:1) of diastereomeric tryptophol diols (3n).These diastereoisomeric diols have been recently isolated from a Streptomyces broth. 43 In addition, tryptophols without aor b-substituents can be prepared by the reduction of (3-hydroxy-2-oxindol-3-yl)acetates. 8a Examples of these compounds have been prepared by the Reformatsky reaction. 8a,44 As an alternative method, the reaction of N-alkylisatin derivatives and malonic acid (1.1 equiv.) in a 1:3 mixture of pyridine and ethanol was conducted under reflux for 20 h resulting in the obtention of (3-hydroxy-2-oxindol-3-yl)-acetic acids which were isolated by evaporation of the solvent and addition of dilute aqueous HCl followed by filtration, washing with water, and air drying (Equation 5). The intermediate acids were of sufficiently good quality that they could be used in the next step without further purification. Esterification was performed by the dropwise addition of SOCl 2 to a methanolic solution of the acid (Equation 5). The resulting esters (2q -s) were subsequently purified by filtration through a short column of silica. Esters 2q-s were reduced with 4 equiv. of BH 3 ·THF to give excellent yields of the respective tryptophols (Table 2 , 3q -s). However, this procedure was found to be incompatabile with isatin derivatives that were not N-alkylated. These substrates yielded the respective quinolone derivatives upon esterification via ring opening and ring closure. Therefore, an alternative procedure employing the potassium salt of the mono-ethyl malonyl ester with 7-ethylisatin in a mixture of pyridine, acetic acid and ethanol under reflux was investigated. This modified Knovenagel reaction gave the b-hydroxyester (2t) in good yield. Ester 2t was subsequently reduced with BH 3 ·THF to give the corresponding tryptophol after acidic workup (Equation 5). The use of an aqueous ammonium chloride workup resulted in the isolation of substantial quantities (<20%) of the ethyl ether of the respective tryptophol.
The foregoing results are consistent with a mechanism that involves diastereoselective reduction of the ketone to the secondary alcohol due to the presence of the b-asymmetric tertiary alcohol. The diastereoselective reduction can be envisaged to occur either by external or internal hydride delivery. 45 The amide carbonyl is subsequently reduced to the amine in a two step process via a carbinolamine borate ester. 46 Subsequent elimination of the leaving group bonded to C-3 with concomitant deprotonation of C-2 would yield the tryptophol (Scheme 1).
Conclusion
In conclusion, we have found that the use of BH 3 ·THF solutions for the reduction of isatin aldol or Knovenagel products (2a -t) to be not only a very convenient method, but also to be a readily reproducible and high yielding method for the synthesis of a diverse range of tryptophols (3a -t). We have also found that the reduction of compounds 2 proceeds via diol intermediates (5) that may be obtained with limited stereoselectivity when a 1 mol equiv. of borane is used. However, reduction of 2, using an insufficient quantity of borane for complete reduction to give 3, does allow isolation, in low yields, of what was identified as being the major diol diastereoisomer of 5 along with the corresponding tryptophol 3 as the principle product.
Experimental
General. 1 H and 13 purchased from Merck and NaBH 4 from Grupo Química and Merck. The isatin derivatives were prepared using literature procedures. 47 
General method for the synthesis of the acetone aldol adducts
Isatin (10 mmol) was solubilised/suspended in acetone (50 ml) to which was added a few drops of Et 2 NH. The reaction mixture was left stirring at room temperature until complete consumption of the respective isatin had occurred. The excess acetone was removed by rotary evaporation under reduced pressure. The crude product was extracted with hot ethyl acetate, filtered and the ethyl acetate solution evaporated to yield the respective product which was used without further purification.
Alternatively, K 2 CO 3 (10 mol%) was used as the basic catalyst. The reactions were filtered through a pad of diatomaceous earth and evaporated under reduced pressure. The crude product was used without further purification. 
Acetophenone and pinacolone condensation products. General condensation procedure
Isatin derivative (10 mmol) was solubilised/suspended in MeOH (30 ml). To this was added 2 equiv. of methyl ketone (acetophenone or pinacolone) followed by a few drops of Et 2 NH. The reaction mixture was stirred at room temperature (or refluxed) until complete consumption of the starting material as judged by TLC. The reaction mixtures were evaporated under reduced pressure to yield the crude products which were subsequently recrystallised. 13 Isatin (10 mmol) was suspended in EtOAc (20 ml) to which was added cyclohexanone (30 mmol) and a few drops of Et 2 NH. The reaction mixture was left stirring at room temperature until complete consumption of the isatin had occurred (24 h). The product partially precipitated during the reaction. The precipitate was removed by filtration and the filtrate concentrated under reduced pressure. The combined solids were recrystallised from acetone/hexane to give a 4:1 mixture of diastereoisomers in 72% yield, mp 167 -1758C; lit. 53 Isatin (10 mmol) was solubilised/suspended in MeOH (20 ml). To this was added 3-hydroxybutan-2-one (20 mmol) and a few drops of Et 2 NH. The reaction mixture was stirred at room temperature during 24 h. The complete consumption of the isatin was verified by TLC. The reaction mixture was evaporated under reduced pressure and the crude product was filtered through a short column of silica using CH 2 Cl 2 /EtOAc (1:4 v/v) as eluent. Evaporation of the solvent gave the diastereomeric mixture (2n) as a colourless solid (73% yield). The initial ratio of the diastereoisomers (3:1) was determined from analysis of the 1 H NMR spectrum. The H-11 (CH 3 ) and the H-9 (CH -OH) signals were sufficiently resolved permitting comparison of the integrated peak areas.
3-Hydroxy-3-(2-phenyl-2-oxoethyl)-2-oxindole
The diastereomeric mixture was solubilised in hot EtOAc, on cooling a product crystallized. The product was removed by filtration and washed with small portions of cold EtOAc. This product, compound 2o, was determined to be the diastereoisomer of higher melting point (40% yield). The filtrate was allowed to slowly evaporate. During this process, a colourless product crystallized. The solid was separated by filtration and determined to be the diastereoisomer (2p) of lower melting point (14% yield).
Alternatively, the reaction may be performed in EtOAc as solvent. This results in the precipitation of a colourless product in 68% yield (a further 20 -25% of product can be obtained from the filtrate) that was found to be a 3:1 mixture of diastereoisomers. Recrystallisation from EtOAc gave the diastereoisomer of higher melting point in 48% yield.
4.4.1.
Characterization data for the less soluble diastereoisomer (2o). Yield: 48%; mp 170 -1728C; lit. 23 4.5.4. Ethyl (3-hydroxy-7-ethyl-2-oxindol-3-yl)-acetate (2t). The general procedure for the synthesis of compounds 2q, 2r and 2s was adapted by using the mono-potassium ethyl malonate salt (10% excess) in place of malonic acid. The solvent used was a mixture of EtOH, pyridine and acetic acid (15:5:2 v/v/v). Reflux was maintained until complete consumption of the respective isatin derivative was observed. The crude reaction product was isolated as described for compounds 2q, 2r and 2s.
The title compound was purified by silica gel column chromatography using hexane/EtOAc 
Synthesis of tryptophol derivatives (3), general experimental procedure
The appropriate aldol derivative (10 mmol) was solubilised in dry THF (20 ml) under a nitrogen atmosphere. To the solution/suspension was added via a syringe a solution of BH 3 ·THF (1 M, 3 or 4 mol equiv.). The reaction mixture was stirred at room temperature until TLC revealed complete consumption of the starting material (generally 2 to 3 h). The reaction mixture was added to ethyl acetate (50 ml) and dilute aqueous HCl (0.3 M, 50 ml). The phases were mixed and separated. The aqueous phase was extracted with more ethyl acetate (50 ml). The combined organic phases were further washed with aqueous HCl (0.3 M, 50 ml) and water (50 ml), then dried over Na 2 SO 4 , filtered and evaporated under reduced pressure to yield the crude product.
Alternatively, 6 M HCl was added dropwise with caution to the reaction mixture whilst being cooled on an ice water bath until no further effervescence was observed. The reaction mixture was neutralised by dropwise addition of 3 M NaOH. The product was isolated by partitioning the reaction between water and ethyl acetate, then dried over Na 2 SO 4 , filtered and evaporated under reduced pressure to yield the crude product.
Subsequent purification of the tryptophols was achieved by filtration through short columns of silica as indicated for each compound.
General experimental procedure for the synthesis of the dioxindole diols (5b and 5m)
The respective aldol derivatives (3.0 mmol) were solubilised/ suspended in anhydrous THF (10 ml) and cooled on an ice water bath. A solution of BH 3 ·THF (1 mol equiv.) was slowly added to the reaction mixtures. The substrate was observed to completely solubilise after a couple of minutes. The reactions were left stirring in the cooling bath for an hour after which time TLC (ethyl acetate/hexane) revealed the consumption of the substrate with the formation of a product of similar polarity and the absence of the respective tryptophol.
The crude product was isolated by quenching the reaction mixture with saturated aqueous NH 4 Cl (30 ml) and extraction with EtOAc (2£25 ml). The organic phase was washed once with saturated aqueous NH 4 Cl, dried over Na 2 SO 4 , and evaporated under reduced pressure. The crude products were characterized by IR, 1 H and 13 C NMR.
